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Generic estimates for magnetic fields generated during inflation 
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We estimate the strength of large-scale magnetic fields produced during inflation in the framework 
of Dirac-Born-Infeld (DBI) theories. This analysis is sufficiently general in the sense that it covers 
most of conformal symmetry breaking theories in which the electromagnetic field is coupled to a 
scalar field. In DBI theories there is an additional factor associated with the speed of sound, which 
allows a possibility to lead to an extra amplification of the magnetic field in a ultra-relativistic 
region. We clarify the conditions under which seed magnetic fields to feed the galactic dynamo 
mechanism at a decoupling epoch as well as present magnetic fields on galactic scales are sufficiently 
generated to satisfy observational bounds. 
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I. INTRODUCTION 

It is observationally known that there exist mag- 
netic fields in clusters of galaxies with the field strength 
10""^- lO"*^ G on lOkpc-1 Mpc scales [H as well as those 
with the field strength ~ 10~^ G on 1 — lOkpc scales 
in galaxies of all types 0] and in galaxies at cosmolog- 
ical distances [3]. In particular, it is very mysterious 
that magnetic fields in clusters of galaxies are as strong 
as galactic ones and that the coherence scale may be 
as large as ~Mpc. Although galactic dynamo mecha- 
nisms [4| have been proposed to amplify very weak seed 
magnetic fields up to ^ lO^^G, seed magnetic fields to 
feed on is necessary at initial stage, and the effectiveness 
of the dynamo amplification mechanism in galaxies at 
high redshifts and clusters of galaxies is not well estab- 
lished yet. 

Proposed scenarios for the origin of cosmic magnetic 
fields fall into two broad categories. One is astrophysical 
processes 1^, and the other is cosmological processes, e.g., 
cosmological phase transition i)] , and primordial density 
perturbations before the epoch of recombination 0]. It 
is difficult, however, that these processes generate mag- 
netic fields on megaparsec scales with sufficient strength 
consistent with observations of galaxies and clusters of 
galaxies without dynamo amplification mechanism. 

The most natural origin of such a large-scale mag- 
netic field is electromagnetic quantum fluctuations gen- 
erated at the inflationary stage [1], because inflation 
has a causal mechanism to generate super-Hubble gauge 
fields from microphysical processes. When we assume 
the Friedmann-Robertson- Walker (FRW) spacetime usu- 
ally considered, its metric is conformally flat. More- 
over, the classical electrodynamics is conformally invari- 
ant. Hence, the conformal invariance of the Maxwell the- 
ory must have been broken at the inflationary stage in 
order that electromagnetic quantum fluctuations can be 
generated at that time We note that this does not 
apply when the FRW background has nonzero spatial 
curvature (In Refs. the breaking of confor- 



mal flatness of the FRW metric induced by the evolu- 
tion of scalar metric perturbations at the end of infla- 
tion was discussed. Moreover, the generation of magnetic 
fields from grand unified theories (GUT) was studied in 
Ref. [12.) 

So far various conformal symmetry breaking mecha- 
nisms have been proposed. An incomplete list includes: 
non-minimal gravitational coupling [J ITsj , dilaton elec- 
tromagnetism coupling to a scalar field [IB], that 
to a pseudoscalar field [ly| , that to a charged scalar 
field 17], scalar electrodynamics [T3], general coupling to 
a time-dependent background field JJ,, 2Q\ , the photon- 
graviphoton mixing 12 ill , conformal anomaly induced 
by quantum effects |22l] . spontaneous breaking of the 
Lorentz invariance [23] (see also [24]), the generation of 
the mass of the gauge field due to a minimally supersym- 
metric standard model flat direction condensate 2^ , the 
photon mass generation due to the existence of the min- 
imal fundamental scale |26], nonlinear electrodynamics 
[13], and cosmic defects 28]. 

In addition, as a breaking scenario based on the funda- 
mental theory of particle physics, there exists a scenario 
in the framework of the Dirac-Born-Infeld (DBI) theory, 
which is a four dimensional low-energy effective theory of 
string theories [l^, [s^, ■ In this paper we shall derive 
the equation of electromagnetic fields for such theory and 
estimate the strength of magnetic fields generated dur- 
ing inflation. As we will see later, this analysis also cov- 
ers theories that possess electromagnetic couplings of the 
form /(0, i?)F^i,F^'^ [l^, where / is an arbitrary func- 
tion of a scalar fleld </> or a Ricci scalar R. Thus the 
strength of magnetic fields we will derive in this paper is 
applicable to many conformal symmetry violating mod- 
els. In fact we shall apply our formula to several concrete 
models of inflation. 

This paper is organized as follows. In Sec. II we con- 
sider the evolution of the C/(l) gauge fleld and derive the 
general formula for the fleld strength of the large-scale 
magnetic fields. We apply the derived formula to several 
inflation models in Sec. III. Finally, Sec. IV is devoted to 
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conclusions. 

We use units in which — c — h = 1, and adopt 
Heaviside-Lorentz units in terms of electromagnetism. 



where a prime represents a derivative with respect to t 
and 



I = hfi ■ 



(7) 



II. GENERATION OF MAGNETIC FIELDS 

Let us start with the following 4-dimensional action 

S = - J d^xM<j>)^-det [g^, + /2(^)a^09.<^ + /3(<^)^^M.) 
+^(0,i?,<?^,), (1) 

where /i(0), /2(0), h{4>) are the functions of 0, g^i, is 
the metric tensor, and F^^^ — d^A^ — d^A^ is the elec- 
tromagnetic field-strength tensor. The action 5* depends 
on (j), R and 5W but not on i^^;^. The DBI scenario pro- 
posed in Ref. [31| corresponds to /i(0) = l//(0) = 
/2(0) = /(</)) and h{4>) = \/7M for the Anti de-Sitter 
(AdS) throat. The rolling tachyon scenario [s^] corre- 
sponds to h{4>) = V{4>), h{4>) = 1 and h{4>) = 2^/^^, 
where Mg is the string mass scale. 

When the action ([1]) is varied with respect to the U{1) 
gauge field A^, we neglect those terms whose orders are 
higher than F^^F^^'^ . We then obtain 



d., 



GF^"" = , 



(2) 



where G = det(G'^y), G^i, = g^^^ + f2[(f))d^<l)dy(f), and 
piiv ^ G'^^G'^f^F^p. Let us consider the flat FRW space- 
time with scale factor a{t), where t is a cosmic time. For 
the Coulomb gauge, d^Aj{t, x) = and Ao{t, x) = 0, the 
equation of motion for Ai is given by 



T ■ 1 1 (3) 

A,{t, x) + -A,{t, x) - -^^^A^{t, a;) = , (3) 
7"^ 



where a dot represents a derivative with respect to t and 

-1/2 



(4) 



One can expand the gauge field Ai by using anni- 
hilation and creation operators together with two or- 
thonormal transverse polarization vectors [l^ . Then the 
Fourier mode A{ri, k), with a conformal time ij = J a~^dt 
and a comoving wavenumber k, satisfies the following 
equation of motion: 

f^A{rj,k) + -^^A{^,k)+'^A{rj,k) = 0, (5) 

where J — /1/I7. Introducing another time r — 
J 7~^ di], Eq. (m reduces to 



A"{t, k) + jA'{t, k) -f fcM(T, fc) = , 



(6) 



If we consider conformal symmetry violating Maxwell 
theories with the action 



5* 



h{ct>,R)F^,F^- + C{^,R,gf,.) 



,(8) 



we get the same form of equation as ^ apart from the 
fact that r is replaced by the conformal time 77 [l9| . 

The Hubble parameter, H = a/ a, needs to satisfy 
the condition \H/H'^\ <C 1 during inflation. Then we 
have T ~ —{-faH)^^ under the condition \'j/H'j\ <C 1. 
The modes starting from the "sub-Hubble" regime {k 3> 
•jaH) enter the "super-Hubble" regime {k ^ -faH) at a 
time Tfc characterized by the condition — —1/k. 

The WKB sub-Hubble solution to Eq. ^ is Ain = 
e~^^'^ /\/2kI, which approaches the Minkowski vacuum 
state in the limit r —00. Meanwhile the super- 
Hubble solution neglecting correction terms of the or- 
der fc2 is given by Aout = G{k) + D{k) J^^df/Iir), 
where G{k) and D{k) are constants and th corresponds 
to the time at reheating. Matching these two solutions 
at time t = using the junction conditions Aout(T'fc) = 
Ain(Tfc) and A'^^^_{Tk) = A[^{Tk), the coefficients C(fc) 
and D{k) are determined accordingly. Neglecting the 
decaying mode for ^out, we get the late-time solution 
\A{t, fc)p = |C(fc)p at the end of inflation: 



|A(r,fc)|2 = 



1 



2kI{Tk) 



( I'jrk) 

\2kI{Tk) 



+ i] k 



lir) 



(9) 

In the following we assume that the energy density 
of the field (j> is converted to radiation almost instantly 
right after the end of inflation and that the conductivity 
CTc of the Universe jumps to a value much larger than 
the Hubble rate at reheating. Then the proper mag- 
netic field, Bf'^°^°'^{t,x) = a~'^eijidjAi{t,x), evolves as 
^proper ■J cx a^^ in the reheating and subsequent ra- 
diation/matter/dark energy dominated stages. Taking 
into account two polarization degrees of freedom, the 
spectrum of the magnetic field is given by 



|i3P™P-(r,fc)p = 2^|A(r,fc)| 



(10) 



The energy density of the magnetic field per unit loga- 
rithmic interval of k is defined by 



PB{T,k) 



1 47rfc3 



2 (27r) 



|SP™P'='(r,fc)|2/(r). (11) 



Since the radiation density evolves as p-yir) = 
P-y{Tii){aji/a)'^, it is convenient to introduce the density 
parameter flsiTjk) = pBiT,k)/ p^{t). From Eqs. (O, 
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(ITOll and HI]) we obtain 



nB{T,k) 



lb f k 



27:^N,s \aRTR 



I(r) 
I{rk) 



\2kI{Tk) 



{12) 



Here we used PyiT^) = n^NcgT^/SO, where iVeff is the 
effective massless degree of freedom and Tr is the reheat- 
ing temperature. 

In order to estimate the strength of magnetic fields, let 
us consider the case in which the evolution of the quantity 
/ during inflation is given by 



/ = /*(t/t,)- 



where and a are constants. This choice is made to 

get quantitative estimate of the generated magnetic field, 
and is general enough to cover many models including 
those discussed in the following section. On using the 
relations tr ~ -{iRaRHR)-'^ and 3i7| ~ pj{TR)/M^i 
(where Mpi is a reduced Planck mass), we get 



o / ; ^ r ^<=ff / Tr 
^B{T,k) =C— — — 



1080 \MpiJ \aRHR 



(14) 

where C — \1 — 2('a+i) Hence the spectral index of the 
magnetic field is given by 



a . 



(15) 



For larger positive a it is possible to generate large- 
scale magnetic fields. Note that the reheating tem- 
perature generally has an upper bound from the Cos- 
mic Microwave Background (CMB) observations {Tr < 
10^^ GeV). Because of the presence of the 7 factor there 
is an extra amplification of the magnetic field for 7^ S> 1 
and a > 0. 

Let us first estimate the quantity k/aRHR for the 
scale L = 27r/A:[Mpc]. Using the present value H^^ — 
3.0 X 10^/i~^Mpc and the relation ao/uR = Tr/Tq we 
have k/aRHR ~ {l.^^/h){lQ^M^c/ L){Tr/To){Ho/ Hr). 



Since H"^ 

2.47/1 X 10-29 K, we find 



TT^iVoffT^/QOM^j, To = 2.73 K and Hq 



o^rHr 



= 5.1 X 10 



-25 



1 M, 



Pl 



1 



VA^^ Tr L/Mpc 



(16) 



The energy density pb{to) at the present epoch is given 
by Pb{to) = (1/2)|B(to)P = r!B(To,fc)p^(To), where 
i3(To) is an observed magnetic field. Since ^^(to) ~ 
2 X 10-51 GeV and IG = 1.95 x lO-^OGeV^, we ob- 
tain 



|B(to)| = 2.7 X 10-56+25a/2 . 



-,1/2 



1 Tr 

5.1 Mpi 



7-R 



a/2 



(—) 

VMpc J 



N. 



q/4-1/2 



off 



1/2-2 



G. (17) 



If we take the maximum reheating temperature Tr ~ 
10^5 GeV = 4 X 10-"* Mpi with N^s = 100, one can esti- 
mate the order of the present magnetic field to be 



\B{ro) 



10 



iiQ-57 



-,1/2 



1/2-2 



7i? 



G. 



a/2 f L \ 

(18) 

We must have |i3(ro)| > 10 ^ GeV to explain observed 
magnetic fields on the scales 1 kpc— 1 Mpc without the 
mechanism of galactic dynamo. 

At the decoupling epoch with z = 1000, the radiation 
energy density is given by p^(Tdoc) — W^^Pj{to). Then 
the magnetic field strength at this epoch is given by 



(13) |i3(rdec)| = 2.7 X 10-50+2 W2 



-,1/2 



N, 



a/4-1/2 



off 



1 Tr 

5.1 Mpi 



a/2 



(—] 



a/2-2 



G. (19) 



When Tr '. 
|^(Tdoc)| is 

|5(Tdoc)| - 10 



10^5 GeV and ^eff = 100, the order of 



llQ-51 



,^(Tdo 



-,1/2 



Atr) 



1r 



a/2 ( L 



VMpc 



1/2-2 



G. 

(20) 

The seed field with an amplitude |-B(Tdoc)| > 10 ^3 G 
is required to explain the present size of the magnetic 
field through the galactic dynamo mechanism for a flat 
universe without cosmological constant. However this 
limit is relaxed up to |-B(Tdcc)| lO-'^^ G on ^kpc scale 
in the presence of cosmological constant at late times [s^l . 

We would like to stress here that the above results are 
valid even for the theories with the action ([5]) by setting 
7=1. 



III. APPLICATION TO CONCRETE MODELS 

We shall apply the formula derived in the previous sec- 
tion to several conformal symmetry breaking models. We 
adopt the reheating temperature Tr = lO^^ GeV to esti- 
mate the maximum allowed size of magnetic fields. Note 
that the factor C in Eqs. pT)) - (|^ is of the order of unity. 

A. Power-law inflation with 7 = 1 

Let us consider the dilatonic coupling I{(f)) ~ e^"^ and 
the Lagrangian £ = (l/2)(V(/))2 -f- ^(0) in Eq. dH). This 
corresponds to the case 7 = 1, i.e., t = ry. If the potential 
is given by V{(l)) = Vb exp(— ■\/2/p0), where 4> is normal- 
ized by Mpi, power-law inflation with a cx (p > 1) is 
realized. Since the field evolves as (/< = 4>Q+\/2p In (t), the 
couphng / has a time-dependence / cx t^^^ cx (— r;)-", 
where 



A- 



2p 
-p-l 



(21) 
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We shall study the case in which the field (j> is frozen 
right after the end of inflation due to the appearance of 
a potential minimum. We then have /(t^j) = /(tq) = 
^(■^dcc) in Eqs. (fT^ and ([20)1 . In order to get the present 
size of magnetic fields (|_B(ro)| > 10~^ G) on the scale 
L = 1 Mpc without the mechanism of galactic dynamo, 
we must have a > AA. To explain the origin of seed 
magnetic fields |i3(rdec)| > 10~^° G on the scale L = 
IMpc at the decoupling epoch, we need a > 1.9. This 
condition is relaxed to a > 1.6 for the magnetic fields on 
the scale L ~ 1 kpc. 

The recent Wilkinson Microwave Anisotropy Probe 
(WMAP) data of density perturbations constrains the 
power p to be p > 70 at the 95% confidence level [33l |. 
We then find that the parameter A must satisfy at least 
the relation, A > 9.4, from the condition a > 1.6. 



B. Tachyon inflation 

The rolling tachyon scenario ^3, [13, [H, [11] corre- 
sponds to the choice fi{(j>) = V{<j)), /2(</>) = 1 and 
f3{(j>) — 27r/Mg , where Mg is the string mass scale. We 
then have /(</)) — Aii'^V {(j)) / , which decreases during 
inflation. 

Consider the inverse power-law potential V{(l)) — 
Vo(t)-^ with Vo = 4p(l - 2/3p)^/^M^^. This leads to the 

power-law expansion a (x V (p 3> 1) with (f> — y'2/3pt 
I35l . [36l . Wh . in which case 7 is a constant [7 = (1 — 



2/3p)-i/2 ~ 1]. 
thereby giving 



Hence one has I oc t 



< 0. 



(-t)2/(p-1), 



(22) 



This shows that the spectral index ub given in Eq. pS]) 
is highly blue-tilted. Hence it is difhcult to generate suf- 
ficient amounts of large-scale magnetic fields. Moreover 
the quantity /((/)) (ex V{(j))) decreases toward zero after 
inflation for the standard tachyon models in which the 
field rolls down toward infinity. In tachyon inflation the 
magnetic field at the present epoch is vanishingiy small. 



C. DBI inflation 

The DBI inflation for the AdS throat corresponds to 
the choice /i(0) = l/f{q>) = 0VA, /2(0) = /(</>) and 
f3i4>) — \//(</') [m. In this case one has /(0) = 1, which 
means that the generation of the magnetic field does not 
occur unlike the results found in Ref. [11]. Since the 
coupling f3{4>) given above is chosen to reproduce the 
standard Maxwell Lagrangian in the low-energy regime 
{f4>^ <C 1), the field (f> is not directly coupled to the 
electromagnetic field. 

One may consider a scenario in which the coupling 
fsicj)) takes a different form in the ultra-relativistic 



regime (7 = [1 
study the case 



/(/)^] ^ 1). For example, let us 



/3(0)cxr", i.e., /(X0*-^". (23) 

For the potential V{(j)) = (1/2)to^0^, inflationary so- 
lutions in the regime 7 3> 1 are given hy (j) — y/X/t^ 
7 ~ mMp\y/2X/3/4>^ oc t'^ and a (x t^, where p = 
^A/6 (m/Mpi) [U HI]. Since t has a dependence t cx 
(^—t)^^/(p+'^'> in this case we get / oc (— t)~" with 

2n - 4 

a = . 24) 

p+1 ^ ' 

For 7 3> 1 and a > 0, the magnetic field can be more 
significantly amplified relative to the case 7=1 because a 
mode with the wavenumber k crosses the point k = jaH 
earlier for larger 7. In the ultra-relativistic regime of the 
DBI inflation the non-Gaussian parameter /„! in CMB 
observations is given by f^i — ^(7^ — 1) {2(3]. Using the 
latest WMAP bound ]/ni] < 253 based on the equilateral 
models (ssj . we obtain the constraint 7cmb < 28 on the 
scales relevant CMB anisotropics. Since 7 grows as 7 oc 
a^/P during inflation, one can estimate the value 7^^ to be 
IR = 7CMB e^^^P, where N is the number of e- foldings 
from the epoch at which CMB fluctuations are generated 
to the end of inflation (TV = 50 ~ 60). In the following 
we adopt the value iV = 55 for concreteness. 

Let us consider the case in which the field 4> is frozen 
right after the end of inflation so that /(r/j) is the same 
order as /(rdoc) and /(tq). On using Eq. we find 

that the present magnetic field greater than the order of 
10~^ G can be obtained for 



n> 2 + 



2p(p+l)]24-Hogio (L/Mpc)] 
48 + p [22 + logio (7CMB • L/Mpc)] 



(25) 



From Eq. ((20|) the condition to get the seed magnetic 
field larger than the order of lO^'^" G is given by 



n > 2 + 



p(p+l)[21 + 21ogio (L/Mpc)] 
48 + p [22 + logio (7CMB • i/Mpc)] 



(26) 



In the relativistic regime of DBI inflation the tensor- 
to-scalar ratio in CMB anisotropics is given by r ~ 
16e/7 = (48/A)(Afpi/m)2(0/Mpi)2 (where e = ~H/H^ 
is the slow- roll par ameter) . Using the latest WMAP 
bound r < 0.2 [33] together with the non-gaussianity 
bound 7 ~ mMpi^/2X/3/(lP < 28, we find that 0cmb is 
bounded from both above and below. For the consistency 
of this inequality, we must require that A(m/Afpi)^ > 49, 
i.e., p > 2.9. 

If we adopt the values L — 1 Mpc, 7cmb = 28 and 
p = 3 in Eqs. (|25|) and ([26)) . then we get the bounds 
n > 6.9 and n > 4.1, respectively. The constraint on n 
is weakened for smaller scales. For example, when L — 
Ikpc, 7cMB — 28 and p = 3, Eq. ([^ gives the bound 
n > 3.6. Meanwhile the constraint on n tends to be 
tighter for larger p. Since 7cmb is bounded from above 
(7CMB < 28), one can not choose arbitrary large values 
of 7cMB to make the r.h.s. of Eqs. (|25p and ([2S)) smaller. 
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IV. CONCLUSIONS 

In the present paper, we have studied the generation 
of large-scale magnetic fields due to the breaking of the 
conformal invariance of the electromagnetic field through 
its coupling to a scalar field in the framework of DBI 
theory. Introducing a time t = J 7"^ dij, the Fourier 
component of the gauge field satisfies the equation of 
motion ([5]). This is the same form of equation derived 
for the electromagnetic coupling given in Eq. ([8]) apart 
from the difference that r is replaced by conformal time 
7/ for the action ([8]). Hence our analysis is applicable to 
many conformal symmetry breaking Maxwell theories. 

By matching two solutions in "sub-Hubble" {k ^ 
■yaH) and "super-Hubble" {k <C ■'jaH) regimes during 
the inflationary epoch, the strength of the magnetic field 
at the end of inflation can be estimated as Eq. ^ . Under 
the assumptions that the energy density of infiaton is al- 
most instantly converted to radiation after infiation and 
that the conductivity during reheating is much higher 
than the Hubble rate at that epoch, we derived the size 
of the magnetic field both at the present and at the de- 
coupling epoch. Note that we have not assumed any 
other mechanisms for the amplification of the magnetic 
field. The results p?]) and are sufficiently general to 
cover the theories described by the action ([5]). 

We applied our formula for three cases: (i) power-law 
inflation with 7=1, (ii) tachyon inflation, and (iii) DBI 
inflation. The power a defined in Eq. (jl3p that character- 
izes the evolution of the quantity / during inflation is im- 
portant to determine the spectral index of the magnetic 
field. For the theories with 7 = 1, it should be generally 
required that the spectrum is red-tilted (a > 4) to realize 
the present field strength |i?(To)| larger than 10^^ G on 
the scales Ikpc— IMpc. The constraint on a is not so 
severe to obtain seed magnetic fields to feed the galactic 
dynamo mechanism (|B(rdec)| > 10~^°G). In power-law 
inflation, for example, we found that the constant A for 
the electromagnetic coupling /(</)) — e'^'^ is constrained 
to be A > 9.4 to satisfy the condition required for the 
seed field on the scale L = Ikpc {a > 1.6). 

In the theories with 7 7^ 1 there exists an extra factor 
7^'^^ that can lead to additional amplification of the mag- 
netic field. In tachyon infiation, in addition to the fact 
that 7fl is very close to 1, the quantity I{4>) is propor- 
tional to the field potential V{4>), which decreases during 
inflation (i.e., a < 0). Hence we can not expect the 
generation of large-scale magnetic fields consistent with 
observations. 

In DBI inflation, if we wish to reproduce the standard 
Maxwell theory in low-energy regimes, we have /i(0) = 
l//(0) = 04/A and fsicj)) = y/J{^ in the action (P). 
This corresponds to the effective coupling with I{(p) — 1, 
which means that the generation of magnetic flelds can 
not be expected. This situation changes if we allow the 



possibility that the coupling f3{4>) takes a different form 
in the ultra-relativistic regime (7 ^ 1). We adopted the 
coupling of the form /3(0) cx i/)^" and derived the bounds 
(PS)) and to get observationally required magnetic 
fields at the present and at the decoupling epoch. It is 
worth mentioning that the presence of the 7^^^^ factor 
leads to the larger magnetic field relative to the theories 
with 7 = 1. 

It will be certainly of interest to apply our formula to 
many other conformal symmetry breaking models. While 
we have assumed instant reheating with large conductiv- 
ity, the details of the reheating process actually depends 
upon models of inflation. It is generally difficult to con- 
struct string/branc inflation models with successful re- 
heating, so we need to wait for the construction of such 
viable models to carry out detailed analysis for the dy- 
namics of magnetic fields in the reheating phase. 

Finally, we remark interesting cosmological effects of 
large-scale magnetic fields generated during inflation on 
the CMB radiation. In Ref. [iH, the effect of gravity 
waves induced by a possible helicity-component of a pri- 
mordial magnetic fleld on CMB temperature anisotropics 
and polarization has been considered. According to it, 
the effect could be sufficiently large to be observable if 
the spectrum of the primordial magnetic field is close 
to scale-invariant and if its helical component is stronger 
than ^ 10~^° G. In Ref. [llj, only the tensor mode, whose 
contribution is significant for low multipoles (Z < 100), 
has been considered, while the vector mode has an im- 
print for higher multipoles too [i^l- Thus, the tensor 
mode alone can not significantly limit the magnetic field 
amplitude. According to Ref. [4l|, the amplitude of the 
helical magnetic field (and not the helical component) 
must be larger than a few xlO~^G to be detectable by 
current CMB measurements. Similar bounds have been 
derived in Ref. 43]. However, the future missions, for 
example, PLANCK, will be able to test the cosmolog- 
ical magnetic field with an amplitude lO""'^" G or even 
lower 44]. The current (best) limit on the amplitude 
of the magnetic field from the CMB polarization Fara- 
day rotation effect using WMAP 5 years data is around 
5 xlO^^°G [4^ for the magnetic field generated from 
inflation. 
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